Abstract-Cell migration is critically important for the repair of chronic wounds, which cost billions of dollars each year to treat and can lead to serious complications, including amputation and death. Growth factors, including epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1), are known to be deficient in chronic wounds; unfortunately, traditional delivery of soluble growth factors to wounds is expensive and complicated by their degradation. We have previously shown that directed and accelerated keratinocyte migration could be achieved by creating immobilized gradients of EGF. In this work, we have optimized EGF gradients for cell migration, synthesized and characterized gradient patterns of IGF-1, and tested for migration synergy upon combination of EGF and IGF-1 patterns. An optimal EGF concentration and pattern was identified, resulting in migration that was almost 10-fold that achieved on unpatterned controls. Immobilization of IGF-1 gradients also accelerated and directed keratinocyte migration (p < 0.05), however, no difference in migration was found across various IGF-1 concentrations or gradient patterns. Although combining EGF with IGF-1 patterns did not accelerate migration beyond levels achieved using EGF alone, these methods can be applied to create other types of multi-component gradients that may ultimately be utilized to create bioactive wound dressings.
INTRODUCTION
Several billion dollars are spent each year treating chronic wounds with expensive, painful and often unsuccessful medical procedures. 13, 33 Chronic wounds are characterized by their failure to heal in a timely manner, and they often lead to serious complications, including bone infection, amputation, sepsis, and even death. In the United States, approximately 82,000 lower-limb amputations were performed on diabetics in 2002, and currently at least 20.9% of all people age 60 or older have diabetes. 31 As the world's population grows and life expectancy steadily increases, issues such as immobility, weakened immune systems, impaired vascular systems, and diseases that accompany wound healing deficiencies (such as diabetes) have become more prevalent, thus increasing the incidence of chronic wounds. 18, 29 Cell migration is a critical component of normal wound healing in all tissues throughout the body. 1, 28, 35 During normal dermal wound healing, keratinocytes migrate from the wound edge in order to reepithelialize the wound. The epidermis is a vital protective layer that not only prevents infection and tissue fluid loss, but also provides molecular cues, such as growth factors, to a variety of cells in the underlying wound bed to stimulate further wound healing. In contrast, chronic wounds are characterized by a failure to reepithelialize, and in turn, they lack the normal cell-cell communication that occurs via cues (i.e., growth factors) within the wound bed. Growth factor deficiencies lead to impaired wound healing, as reduced levels of epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), and several other growth factors have been observed in chronic wounds when compared with normal acute wounds. 6, 9, 38 Many of these chronic wounds fail to heal completely, exhibiting exceptionally slow healing accompanied by infection, scarring and serious complications.
Currently, the most common treatment for chronic wounds involves debridement, cleansing, and application of moist dressings on a daily basis-this is painful, often ineffective, and has a high long-term cost. 15 Advances in chronic wound care include application of soluble growth factor-infused gels to the wound dressing. However, gels are rapidly washed away by wound exudate or absorbed by the wound dressing, and soluble growth factors are rapidly degraded when in contact with the body. 4, 12, 16 Thus, soluble growth factors are not available for prolonged periods as is usually necessary to elicit the desired wound healing response. 5 Our group has focused on developing a more sophisticated approach to enhance wound healing via precise spatial control of immobilized biomolecules in wound dressing materials. Immobilizing growth factors and other biomolecules would minimize the amount of expensive material lost to premature degradation, as well as prolong exposure of the cells in the wound bed to the growth factor stimuli. Gradients of soluble and matrix-bound biomolecules exist extensively in vivo, directing cells for various tissue functions. 37 Thus, we proposed that immobilized concentration gradients of growth factors would induce accelerated and directed cell migration. In our previous publication, we described the synthesis and characterization of immobilized gradients of epidermal growth factor (EGF) in order to create a system that enabled directed migration. This work showed that immobilized EGF gradients did indeed induce accelerated and directed keratinocyte migration in vitro. 39 Here we describe the optimization of EGFpatterned substrates for directed cell migration as well as the subsequent exploration of the potential migration synergy that may be achieved via immobilization of multiple growth factor patterns. Insulin-like growth factor-1 (IGF-1) is a fibroblast-derived growth factor that regulates cell cycle progression and cellular differentiation, 25 promotes angiogenesis, stimulates keratinocyte and fibroblast proliferation, increases collagen synthesis, regulates cell metabolism, and protects against apoptosis. 11 Most importantly, with respect to wound healing, the actions of IGF-1 are complementary to those of EGF. IGF-1 enhances keratinocyte migration through a mechanism that is distinct from that of EGF 2, 17 ; specifically, IGF-1 stimulates cell membrane protrusion and spreading, 17 which may be particularly useful for sensing immobilized biomolecules. Moreover, the possible additive effects of IGF-1+EGF on wound epithelialization make this growth factor combination attractive for incorporation into our existing EGF-patterned system. Herein, we describe our synthesis and characterization of immobilized gradients of IGF-1, as well as exploration of their potential synergy with EGF.
Ultimately, our goal is to create a multi-functional, 3-D wound dressing designed to work with the patient's body to accelerate wound healing, decrease the duration and cost of treatment, and significantly minimize scarring, infection, and serious complications associated with delayed healing.
MATERIALS AND METHODS
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Cell Culture
Immortalized human keratinocytes (HaCaTs, courtesy of N. Fusenig, DKFZ, Heidelberg, Germany) were cultured and maintained in DMEM, 10% FBS, L-glutamine (2 mg/mL) penicillin (100 U/mL), and streptomycin (100 lg/mL) at 37°C, 5% CO 2 .
Growth Factor Modification
Recombinant human EGF and IGF-1(Peprotech, Inc., Rocky Hill, NJ) were separately rendered photoactive via conjugation to Sulfo-SANPAH (sulfosuccinimidyl-6-[4¢-azido-2¢-nitrophenylamino]hexanoate; Pierce Biotechnology, Inc., Rockford, IL). Sulfo-SANPAH (SS) is a heterobifunctional crosslinker containing a photosensitive phenyl azide group on one end and an amine-reactive N-hydroxysuccinimide on the other (Fig. 1) . Photoreactive growth factors were synthesized via reaction of primary amine groups of the growth factors with the N-hydroxysuccinimide functionality of SS. The coupling reaction of growth factor with SS was performed in HEPES-buffered saline, pH 8.4, for 8 h at room temperature with gentle shaking and a 50-fold molar excess of SS in order to ensure that a maximal amount of growth factor was rendered photoactive. All synthesis steps were performed in the dark to preserve the photoactive moiety on SS. The resulting products of this conjugation will be referred to throughout this paper as SS-EGF, SS-IGF-1, or, in a general sense, SS-GF.
Validation of SS-IGF-1 Bioactivity
To confirm bioactivity of IGF-1 post-conjugation to SS, an apoptosis assay was performed (TdT-FragEL DNA fragmentation detection kit, Calbiochem). The ability of soluble IGF-1 to inhibit apoptosis in keratinocytes has been well-characterized, and apoptosis inhibition was thus used in the present study as a representative marker of IGF-1 bioactivity. Keratinocytes were seeded at 28 9 10 3 cells/cm 2 (96 well plate)
in DMEM with 10% FBS and allowed to attach overnight. The media was aspirated and replaced with 0.2 lM methotrexate (a potent apoptosis-inducing agent) in DMEM with 0.5% FBS and incubated for 24 h with one of the following conditions: 10 ng/mL SS-IGF-1, 100 ng/mL SS-IGF-1, 10 ng/mL IGF-1, 100 ng/mL IGF-1, or no IGF/SS-IGF-1 (n = 3 per condition). The cells were fixed in 10% neutral buffered formalin for 5 min, permeabilized with proteinase K (2 mg/mL in 10 mM Tris, pH 8), followed by inactivation of endogenous peroxidases. Then, the labeling reaction mix (TdT, Biotin-dNTP, unlabeleddNTP) was added to label breaks in DNA. Streptavidin-HRP in combination with DAB was used for detection of apoptotic cells (indicated by brown staining), and DAPI (1 lg/mL) was then added to facilitate total cell number quantification. Photomicrographs were taken of each well in each condition at 2009 magnification. Positively stained cells were counted and divided by total cell count, yielding percent apoptotic cells. The bioactivity of EGF following modification with SS was confirmed in a previous publication. 39 
Creation of Growth Factor Gradients
In an adaptation of the methods used by Ito et al., 23 growth factors (EGF, IGF-1) were photoimmobilized onto polystyrene plates via the phenyl azide functionality of the coupled SS. The optimal reaction conditions (i.e., light intensity and exposure time) for this surface-immobilization process were defined in a previous publication by our lab. 39 In order to create 2-D surfaces patterned with gradients of growth factor/s, standard photoimmobilization techniques were used in combination with a gradient-patterned photomask film. Several 3 9 18 mm gradient images were created in Adobe Illustrator 10, and were then used to print photomask transparency films (Imagesetter, Madison, WI). The slope of the gradient was controlled via alterations in photomask pattern design; the gradient patterns generated for the migration studies described in this manuscript are labeled g1 (quadratic), g2 (power law), g3 (linear), and g5 (logarithmic) and are described mathematically in Table 1 . The g4 (power law) gradient was applied in our previous work 39 and was not used in the present study because it was already shown to not be an optimal pattern.
Silicone isolators (Grace Bio-Labs, Inc., Bend, OR) were placed onto tissue culture polystyrene (TCPS) dishes, and 110 lL of SS-growth factor (GF) solution (0.15 lg/lL) was pipetted into one isolator on each dish and allowed to dry in an oven at 40°C. The dried SS-GF was then covered with film photomasks with various gradient slopes. Unpatterned controls consisted of unmodified TCPS, wherein an outline the same size as the GF patterns was traced on the plate. All samples, including TCPS controls with no SS-GF, were exposed to ultraviolet light at 365 nm wavelength and 90 mW/cm 2 for 120 s (Omnicure 2000, EXFO America, Inc., Plano, TX). Upon UV exposure, the phenyl azide group enables immobilization of the SS-GF to the dish as pictured in Fig. 1 and described previously. 39 All plates were rinsed twice with deionized water (diH 2 O) and then filled with diH 2 O to rinse overnight on an orbital shaker (30 rpm). When creating samples with one growth factor patterned onto another, all steps through rinsing overnight were completed before applying the second growth factor to be patterned. When creating the first pattern, an outline was drawn framing the area in which the solution was dried, followed by an additional drawn outline of the patterned area. These framed areas were used to line up the second GF patterned area with the first. To prepare for cell seeding, the plates were UV-sterilized (254 nm) in a laminar flow hood for 1 h.
Gradient Pattern Analysis
Immobilized gradients of IGF-1 were created (as described above) and immunostained to verify successful patterning. Immobilized IGF-1 was detected via standard immunochemical methods using monoclonal anti-hIGF-1 antibody (R&D Systems, Minneapolis, MN), followed by Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (Invitrogen, Eugene, OR). Photomicrographs were taken at eleven equally spaced intervals at 2009 magnification (Olympus IX51 microscope with epi-fluorescence, Hamamatsu 285 digital camera, and Simple PCI digital imaging software (Compix, Inc. Imaging Systems, Cranberry Township, PA)). NIH ImageJ software was used to measure fluorescence intensity along the length of each photomicrograph of the gradient at 2 lm intervals, and then plotted against gradient path length. The physical characterization of EGF gradient patterns was previously reported by our group. 39 A modified ELISA for human IGF-1 (Quantikine, R&D Systems Inc., Minneapolis, MN) was used to quantify the total average immobilized IGF-1 (ng/mL) on the gradient patterns created using different starting concentrations (0, 75, 150, or 250 lg/mL SS-IGF-1) to verify that different increased starting concentrations corresponded to increased density of immobilized growth factors. Briefly, immobilized IGF-1 was detected via standard immunochemical methods using a polyclonal antibody against IGF-1 conjugated to horseradish peroxidase, and tetramethylbenzidine as the chromogenic substrate, followed by reading absorbance at 405 nm (Synergy HT, BioTek Instruments Inc., Winooski, VT). A calibration curve was constructed using the capture antibody-coated plate (anti-hIGF-1) and untethered recombinant human IGF-1 provided with the kit, in combination with the same detection molecules described above. The ELISA was also performed on negative controls consisting of unpatterned TCPS without IGF-1.
Migration Studies and Analysis
Keratinocytes were seeded at 5 9 10 5 cells/mL in 1 cm 2 removable wells in reduced-serum medium (5% FBS) at the start (low concentration end) of each gradient pattern. Unpatterned controls consisted of unmodified TCPS, wherein an outline the same size as the EGF patterns was traced on the plate, and keratinocytes were seeded within 1 cm 2 removable wells at the base of the 'empty' outline under identical conditions as patterned samples (5 9 10 5 cells/mL, 5% FBS medium). Grid-patterned transparencies were attached underneath the patterned surfaces in order to facilitate tracking cell movement. After allowing 24 h for cell attachment, the reduced serum medium was replaced with serum-free medium and the seeding fences were removed, thus allowing the cells to access the gradient patterns. Photomicrographs were taken of the leading edge of cell migration at 12.59 and 409 magnification every 24 h for 7 days. Net cell edge displacement in a single direction was measured by overlaying time-course images (Adobe Photoshop Elements 2.0), then quantifying migration distance (NIH ImageJ) via measurement of advancement of the leading cell edge. Using ImageJ software, the leading edge of keratinocytes was carefully traced and copied, along with portions of the micrograph underneath, onto the next time point micrograph. Grid lines were used to precisely line up the micrographs. The migration distance of the advancing cell sheet was measured at five separate locations on each sample by drawing perpendicular lines between the previous leading edge and new leading edge at equally spaced intervals, with a minimum sample size of three per condition.
Fluorescence Microscopy
After 7 days of migration on immobilized gradient patterns of IGF-1, EGF, EGF+IGF-1, and TCPS control, keratinocytes were fixed in 10% formalin for 5 min and rinsed twice with PBS. The cells were then permeabilized in 0.1% Triton-X-100 for 5 min followed by two rinses with PBS. TRITC-phalloidin (5 units/mL), to visualize cytoskeletal f-actin, and DAPI (1 lg/mL), a nuclear counterstain, were both added to the samples and incubated at 37°C for 20 min in the dark, followed by four rinses with PBS. Photomicrographs (2009) were taken of the cells along the leading edge of migration (Olympus IX71 microscope with 3i spherical aberration correction (Intelligent Imaging Innovations), Hamamatsu ORCA-ER monochromatic camera, and SlideBook 4.2 image acquisition software).
Statistics
All experiments were performed a minimum of three separate times, with n ‡ 3. Data were compared using two-tailed, unpaired t-tests. p Values less than or equal to 0.05 were considered statistically significant. Data are presented as mean ± standard deviation.
RESULTS

Photoactive GF Bioactivity
IGF-1 is known to protect against apoptosis 11 ; thus, to verify the retention of bioactivity following chemical modification of IGF-1 (to form SS-IGF-1), an apoptosis assay was performed (Fig. 2) . Keratinocyte cultures were treated with methotrexate to induce apoptosis, in combination with either IGF-1 or SS-IGF-1 as apoptosis-protecting agents. Compared to the positive control, which contained 56.9% apoptotic cells, treatment with unmodified IGF-1 (10 or 100 ng/mL) significantly lowered the rate of apoptosis (to 3.5 and 0.8%, respectively; p < 0.001 compared to positive control). Similarly, treatment with SS-IGF-1 resulted in apoptosis rates of 4.8 and 3.1% for 10 and 100 ng/mL SS-IGF-1, respectively (p < 0.001 compared to positive control). The inhibition of apoptosis provided by SS-IGF-1 was not significantly different from that provided by unmodified IGF-1, thus confirming that the photoactive modification of IGF-1 did not attenuate its bioactivity. Previous studies have confirmed the bioactivity of EGF following its modification.
8,39
Optimization of Immobilized EGF Gradients
In an effort to identify a gradient pattern that elicited the greatest keratinocyte migratory response to immobilized EGF, several different gradient patterns (Table 1) were created and evaluated. As described in Table 1 , the slope of g1 is initially low, and then increases (a quadratic fit); g2 follows a power law equation; g3 is linear; and g5 initially has a steep, increasing slope, followed by a decreasing slope (a log fit). All EGF gradients elicited significantly greater average cumulative migration than TCPS controls at every time point (p < 0.001, n = 5), with a generally linear trend in migration distance (Fig. 3a) . These trends are similar to previously published results in which cumulative migration was analyzed for linearity on EGF patterns and showed a linear trend with an R 2 value greater than 0.99. 39 Throughout the 16-day migration experiments, the total average cumulative migration on g1 (quadratic) gradients tended to be higher than migration on all other gradient patterns (p < 0.05 at final time point). In previously published experiments, keratinocyte migration on g2 (power law) gradients of immobilized EGF was statistically higher than on g4 (power law) gradients when averaged over days 1-13. 39 Therefore, we chose to compare the ''best'' gradient pattern from previous experiments, g2 (power law), with the ''best'' gradient pattern of our current experiments, g1 (quadratic). Due to the fact that trends emerged within the first week of most migration experiments, the experimental migration time was reduced to 7 days. Through this comparison (Fig. 3b) , it was found that the average cumulative migration of keratinocytes on g1 (quadratic) gradients of EGF was significantly higher than g2 (power law) gradients on days 3-7 (p < 0.05).
To further optimize keratinocyte migration on the aforementioned g1 EGF gradient pattern, various concentrations of EGF solutions (83, 167, 333, 667 lg EGF/mL) were patterned and evaluated for average cumulative migration. As shown in Fig. 3c , all EGF gradients elicited significantly greater average cumulative migration than TCPS controls at every time point (p < 0.001). The 83, 167 and 333 lg EGF/mL conditions resulted in linear average cumulative migration trends similar to earlier experiments. Average cumulative migration of keratinocytes on gradient patterns using 167 lg EGF/mL was significantly higher than 83 lg EGF/mL on days 2-7 (p < 0.05). On days 6 and 7, the average cumulative migration distance of keratinocytes on the 167 lg EGF/mL condition was significantly higher than that found when using 667 lg EGF/mL (p < 0.05). The highest concentration, 667 lg EGF/mL, exhibited a downward trend in cumulative migration, indicating a slowing migration speed after day 3. There was no significant difference in cell migration when comparing surfaces modified using 167 vs. 333 lg EGF/mL. Thus, the 167 lg EGF/mL condition emerged as the optimal concentration, as it represented the lowest EGF amount at which the highest level of migration could still be achieved.
IGF-1 Gradient Characterization
To verify successful photo-immobilization of SS-IGF-1 to tissue culture polystyrene, a g1 (quadratic) pattern was created, immunostained, and analyzed. The SS-IGF-1 was successfully photo-immobilized in the desired gradient pattern (Fig. 4) . The plot profile of the IGF-1 gradient (as measured by image quantification) correlated well with the plot profile of the photomask. Immobilized IGF-1 increased steadily and slowly initially, then steeply, along the length of the gradient path (along the x-axis), while remaining homogeneous across the width of the path (along the y-axis), as desired (Fig. 4 ).
An IGF-1 ELISA was performed to quantify total immobilized IGF-1 patterned using 75, 150, or 250 lg/ mL SS-IGF-1 as the starting solution to verify that the total patterned IGF-1 increased with increasing concentration of the starting solution. As the starting solution increased, the total immobilized IGF-1 also increased, with all concentrations significantly different from one another (data not shown).
Optimization of Immobilized IGF-1 Gradients
A 7 day pilot migration study was first performed to evaluate whether immobilized IGF-1 could elicit a migratory response in keratinocytes. The average cumulative migration of keratinocytes on IGF-1 g1 (quadratic) gradients (150 lg/mL IGF-1) was, in fact, significantly higher than TCPS controls at every time point (p < 0.05, n = 5; data not shown). However, the average keratinocyte migration rate on all gradients of IGF-1 slowed dramatically by day 3.
Given that gradients of immobilized SS-IGF-1 did induce accelerated and directed keratinocyte migration, optimization experiments were performed, including a comparison between g1 (quadratic) and g2 (power law) patterns and various concentrations of IGF-1. As shown in Fig. 5a , the average cumulative migration on both g1 and g2 gradients of immobilized IGF-1 was significantly higher than TCPS controls at every time point for 7 days (p < 0.05), although there was no significant difference between the g1 and g2 gradient patterns.
To determine an optimal range of IGF-1 concentrations, as with EGF, various concentrations of IGF-1 solutions (75, 150, 200, 250 lg/mL IGF-1) were patterned and seeded with keratinocytes to evaluate their effects on directed migration. The average cumulative migration of keratinocytes seeded on all concentrations of immobilized IGF-1 was significantly greater than TCPS controls at every time point (p < 0.05; Fig. 5b ), but there were no significant differences between the various concentrations. Interestingly, similar to the EGF concentration results, the trend of average cumulative migration of cells on the highest concentration (250 lg/mL IGF-1) gradient was consistently below the average cumulative migration on 75, 150, and 200 lg/mL IGF-1gradients. Again, the average keratinocyte migration rate on all gradients of IGF slowed significantly by day 3.
IGF-1 and EGF Synergy Experiments
The success of EGF and IGF-1 gradients in stimulating directed cell migration led to the exploration of possible synergy upon gradient combination, and previous studies have shown synergistic migration and receptor upregulation when combining soluble EGF and IGF-1. 17, 27, 34, 36 Therefore, several migration experiments were performed to evaluate a possible synergistic effect when patterning EGF and IGF-1 together. To distinguish doubling the total growth factor concentration from true synergy, the first experiment compared IGF-1 patterned onto alreadypatterned EGF at 150 lg/mL each (total growth factor concentration of 300 lg/mL), and IGF-1 patterned onto already-patterned EGF at 75 lg/mL each (total growth factor concentration of 150 lg/mL). These conditions were compared against patterned EGF alone (total growth factor concentration 150 lg/mL) to determine if a synergistic effect was present. As seen in Fig. 6a , the average cumulative migration of keratinocytes on all patterned gradients of growth factors was significantly higher than TCPS controls, however, there was no significant difference between IGF-1 patterned onto already-patterned EGF at 150 lg/mL each (total of 300 lg/mL) and patterned EGF alone (150 lg/mL). However, the average cumulative migration on IGF-1 patterned onto already-patterned EGF (150 lg/mL each) and patterned EGF alone (150 lg/mL) was significantly higher than IGF-1 patterned onto already-patterned EGF at 75 lg/mL each on days 5-7 (p < 0.05).
To determine if patterning one growth factor on top of another altered effectiveness, migration experiments were conducted with IGF-1 and EGF (150 lg/mL each) mixed prior to patterning compared to IGF-1 patterned onto already patterned EGF (150 lg/mL each). Again, these conditions were compared to patterned EGF alone (150 lg/mL). The average cumulative migration values obtained when patterning the premixed IGF-1 + EGF, IGF-1 patterned onto EGF, and patterned EGF alone were not statistically different from each other (data not shown).
In order to determine if the order of growth factor patterning affected the observed migration outcomes, another synergy experiment was conducted comparing EGF patterned onto IGF-1 (150 lg/mL each) and patterned EGF alone (150 lg/mL). While Fig. 6b shows that the average cumulative migration on both growth factor conditions was significantly greater than TCPS controls (p < 0.05), there was no significant difference between these conditions. 
Lamellipodia and Actin Organization Analysis
Lamellipodia and actin organization of keratinocytes were qualitatively analyzed using fluorescence microscopy. Photomicrographs of leading edge cells were compared from migration studies on TCPS controls, and patterned gradients of EGF, IGF-1, and EGF+IGF-1. Keratinocytes that migrated on TCPS controls exhibited a spread, flat morphology typical of a non-migrating cell. These cells contained significant actin stress fibers anchoring the cell in place, and little to no lamellipodia. Cells on IGF-1 exhibited the morphology of moderately migrating cells with rounded morphology, diffuse actin with stress fibers along each side of the cell, and many small filopodia branching off one or two lamellipodia. Keratinocytes migrating on EGF gradients exhibited the morphology of actively migrating cells with rounded morphology and diffuse actin, but in contrast to IGF-1, generally had one broad lamellipodium. Keratinocytes migrating on gradients of EGF+IGF-1 showed a combination of EGF and IGF-1 morphology. These cells contained diffuse actin with stress fibers along the sides and one broad lamellipodium with ruffling and tiny filopodia branching off the leading edge of the lamellipodia. Representative photomicrographs are shown in Fig. 7 .
DISCUSSION
Several studies have documented that numerous growth factors are deficient in chronic wounds. 6, 9, 38 During normal wound healing, keratinocytes are drawn into the wound bed via a variety of factors and cytokines, including EGF and IGF-1. 15 Unfortunately, application of wound dressings containing soluble growth factors has been met with only limited success. 4, 16 These soluble growth factors degrade rapidly when in physiological conditions and are easily washed away by wound exudate; therefore a new strategy to prolong growth factor availability is warranted. Our method incorporates important wound healing factors into immobilized physiologically relevant gradient patterns that are stable for weeks in vitro.
Current methods of generating gradients include complex microfluidics 24, 42 (i.e., microfluidic chemotaxis chamber) using soluble growth factors, and various gel techniques such as an electrophoresis gradient maker. 10, 26 Soluble growth factors in combination with microfluidics are generally not practical for application to wounds, and the growth factors degrade rapidly. Gradient makers can only generate one gradient pattern that is difficult to precisely control, and most of the literature reports these gradients as linear. 26, 30 Still others utilizing different gradient patterning techniques can only achieve approximate descriptions of gradients (i.e., linear or non-linear). Our methods allow precise control and the ability to create complex patterns with multiple factors using simple chemistry and methods. These gradient patterns are easily mathematically characterized to better understand cellular response to particular patterns, factors, and combinations of factors.
With the gradient patterning approach described herein, one can easily create different gradient patterns and combine multiple factors to study cellular responses to particular patterns, concentrations and combinations. These methods enable precise control over gradient pattern formation; thus, a variety of patterns were fabricated, characterized, and utilized in cell migration experiments to optimize migration on immobilized gradients of EGF and IGF-1 and to investigate possible synergy when combining EGF and IGF-1. Ultimately, the goal is a multi-functional wound dressing with many bioactive components, and a significant step toward this goal has been made by the successful demonstration of growth factor co-immobilization described in this report. One limitation of the photopatterning immobilization method is that the tethering process may alter growth factor bioactivity. Thus, analysis of photoactive growth factors post-conjugation was performed to verify bioactivity prior to migration experiments. We have shown that both EGF and IGF-1 can be modified with a photoactive moiety without adversely affecting bioactivity. Moreover, these modified growth factors can then be covalently tethered in a gradient pattern, and used to induce accelerated and directed migration of keratinocytes. Although the immobilization of EGF has been previously described by our group 39 and others, [20] [21] [22] [23] the present communication is the first report to describe immobilization of IGF-1.
The immobilized EGF patterns accelerated keratinocyte migration by approximately 10-fold, which is a much larger increase in migration than has been documented for use of EGF in solution. 2 This difference may be due to prolonged bioactivity of the EGF when it is tethered to a surface rather than subjected to rapid degradation in solution. Different gradient patterns of immobilized EGF showed different trends in average cumulative migration, with the g1 (quadratic) gradient showing the best overall trend in cumulative migration of keratinocytes. The g1 (quadratic) and g2 (power law) gradient patterns most closely resemble an exponential fit in shape, and both of these appeared to perform the best of all the patterns tested. Exponential gradient patterns make physiological sense because, in wound healing, the clot in the wound acts as a point source of growth factors diffusing outward, likely following exponential decay outward from the wound. When tested in subsequent migration experiments, g1 gradient patterns of immobilized EGF consistently induced statistically significantly greater cumulative migration than g2 patterns. The differences between g1 and g2 may be due to the initial linearity of the g2 pattern at low concentrations. Supporting our findings, Kreuger et al. found that the migration response of endothelial cells was greater when exposed to exponential gradients of soluble growth factors compared to linear soluble gradients. 3 To further optimize keratinocyte migration on g1 (quadratic) EGF gradient patterns, various concentrations of EGF solutions (83, 167, 333, 667 lg/mL EGF) were patterned and evaluated for their ability to direct keratinocyte migration. Keratinocytes migrated significantly further on immobilized gradients of 167 lg/mL EGF than 83 lg/mL, 667 lg/mL EGF and TCPS controls. There was no significant difference in migration between 167 and 333 lg/mL EGF samples.
. Lamellipodia morphology and actin organization. TCPS: spread, flat morphology of non-migrating cell with significant actin stress fibers anchoring cell in place and little to no lamellipodia. SS-IGF-1: moderately migrating cell with rounded morphology, diffuse actin, actin stress fibers along sides, one or two lamellipodia and many small filopodia. SS-EGF: actively migrating cell with rounded morphology, very diffuse actin and generally one broad lamellipodium. SS-IGF-1 + SS-EGF: actively migrating cell with rounded cell morphology, diffuse actin and one broad lamellipodium with ruffling and filopodia along leading edge (Scale bar represents 30 lm, arrows denote representative areas of interest).
These results indicate that 167 lg/mL EGF is within the optimal concentration range for these conditions, and in fact, there is no migratory advantage to using twice this concentration. Also interesting is that the gradient patterns prepared with 667 lg/mL EGF showed a downward trend in migration speed after day 3. It is possible that the cells reached a prohibitively high concentration of EGF; high concentrations of growth factors can saturate receptors and initiate down-regulation. 19 As noted earlier, no other group has reported the covalent immobilization of IGF-1. In the present work, we have demonstrated that chemical modification of IGF-1 can be performed at the site of its lysine residues without attenuation of IGF-1 bioactivity. The bioactivity of IGF-1 was retained following immobilization to a surface, as evidenced by its stimulatory effects on migration and by an apoptosis assay wherein immobilized IGF-1 significantly inhibited methotrexate-induced apoptosis compared to controls with no immobilized IGF-1 (p < 0.003; data not shown). With respect to optimization of IGF-1 patterning, no significant difference or obvious trend was seen between g1 and g2 gradient patterns of immobilized IGF-1. This could be due to the fact that keratinocytes only appear to migrate consistently for the first 3-4 days on the IGF-1 patterns, and then slow down significantly; the differences in migration on g1 and g2 EGF patterns did not appear until day 3. Alternatively, it is also possible that the optimal gradient pattern simply was not tested. Only two patterns were tested and further studies would be necessary to determine if another pattern may be optimal for inducing keratinocyte migration on immobilized gradients of IGF-1.
Immobilized IGF-1 gradients did induce accelerated keratinocyte migration, however migration speed slowed dramatically by day 3 in all experiments. This is consistent with Wehrmann's findings that IGF-1 is released in phases during normal wound healing, peaking at 12 h and rapidly diminishing by day 3. 41 Perhaps keratinocytes respond initially, but are later inhibited by the increasing IGF-1 as it is not normally present during the entire wound healing process. Also, although the migration stimulation induced by IGF-1 was not as great as that seen with EGF, the 2.5-3.5-fold increase in migration obtained when using immobilized IGF-1 is consistent with the increase in keratinocyte migration found by others when using soluble IGF-1. While no significant differences in average cumulative migration were found between immobilized gradients of IGF-1 + EGF and EGF alone, there appeared to be combinatorial effects in lamellipodial formation. As shown in Fig. 7 , there were notable differences in cell morphology, lamellipodia/filopodia, and actin organization among keratinocytes that migrated on TCPS controls and gradients of immobilized EGF, IGF-1, and EGF + IGF-1. These results are consistent with the general knowledge that EGF stimulates motility, cell rounding, actin polymerization, membrane ruffling, and lamellipodial extension, 7,40 and IGF-1 signals through PI-3K which regulates actin reorganization and in turn induces membrane protrusion and lamellipodial extension. 32 In previous migration studies, soluble IGF-1 and EGF combined induced additive effects. 17 Whereas, in our experiments, the migration rate of keratinocytes on co-immobilized IGF-1 and EGF was roughly equal to that seen on EGF alone. Adjusting the concentration of the EGF demonstrated that EGF acted as the dominant force in guiding cell migration speed on combined IGF-1/EGF patterns. Many factors may have contributed to the lack of additive effects in our study. For instance, immobilized patterns of IGF-1 + EGF may not allow the proper conformation necessary to elicit a migratory synergistic effect. It is also possible that growth factor or growth factor receptor clustering is necessary and this could be hindered by immobilizing the growth factors. Direct comparison of our migration findings to those of others 2, 17 is also made more challenging because we have concentrated on examining migration in a single direction (rather than total distance migrated in any direction), and we did not use a feeder cell layer or ECM-coated substrate as is frequently done in keratinocyte migration studies. It is also possible that IGF-1 would accelerate wound healing via mechanisms other than cell motility and show synergy with EGF in overall wound healing in vivo. IGF-1 is known to increase neovascularization and collagen synthesis, 14 both of which are important components in wound healing as well. Therefore, in vivo studies would be necessary for a more thorough exploration of the existence of EGF+IGF-1 synergy in wound healing.
CONCLUSION
In this study, we have reported several advancements that will ultimately facilitate the creation of multi-faceted bioactive wound dressings. Namely, we have optimized gradient patterns of EGF and shown that the slope of the gradient can significantly impact cell migration; we have covalently tethered IGF-1 to surfaces, which has not previously been documented, and shown that this tethered IGF-1 also induces directed cell migration; lastly, we have demonstrated co-immobilization of multiple growth factor patterns on the same surface. The long-term goal of this work is to translate the 2-D growth factor immobilization techniques described herein to fabricate radial 3-D gradient patterns on materials that are suitable as wound dressings.
